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Role of  lattice QCD in understanding hadronic parity violation 

Anatomy of  lattice QCD calculations 
“regular” lattice QCD calculations 
Hadronic parity violating matrix elements 
Challenges in these calculations 

Status of  lattice QCD calculations of  two-nucleon systems 
NN Controversy and its most-likely resolution 
Momentum space to momentum space NN calculations in some detail 
Prospects for new methods for calculating nucleon and NN matrix elements 

Promising prospects for controlled lattice QCD calculations of  hadronic parity violating matrix 
elements
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Outline



Lattice QCD offers the promise of  first principles theoretical predictions for nuclear physics 
The only inputs for lattice QCD are the gauge coupling (β), the quark masses (mu, md, ms, [mc]), 
the electromagnetic coupling, αfs, the Fermi weak constant GF 
Everything else is a prediction 
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Role of lattice QCD in understanding hadronic PV



So where are all the great results? 

Well, these calculations are difficult… (excuses, excuses, excuses…) 

Recently, there have been exciting “breakthrough” progress in NN calculations that makes me 
optimistic we will see meaningful progress towards PV in the next few years 

Once we convince ourselves, and the community, that we have our systematics under control 
LQCD can provide results that compliment the experimental measurements,  
Can be treated as additional, simple systems used to constrain the PV LECs 
The LQCD results can be analyzed in concert with experimental data

Lattice QCD offers the promise of  first principles theoretical predictions for nuclear physics 
The only inputs for lattice QCD are the gauge coupling (β), the quark masses (mu, md, ms, [mc]), 
the electromagnetic coupling, αfs, the Fermi weak constant GF 
Everything else is a prediction 
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Role of lattice QCD in understanding hadronic PV
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What does it mean to have a LQCD result?
continuum limit 
need 3 or more  
lattice spacings

infinite volume limit

physical pion masses 
exponentially bad  

signal-to-noise problem
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Slide adapted from E. Berkowitz
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What does it mean to have a LQCD result?
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Wasem, PRC 85 (2012) [1108.1151]     (tour de force - no new result since then)

First LQCD calculation 
Numerical result 
use of  good operator basis 
control over renormalization 
control over finite-V to inf-V 
control over disconnected diagram 
control of  excited states 
control over chiral extrapolation 

✓ 
✓ 
✘ 
✘ 
✘ 
✘ 
✘ 
✘

This result has an unquantified systematic uncertainty  
it is possible they all conspire to cancel and agree with 
the NPDGamma result 
This needs to be validated/cross checked
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but… signal-to-noise

LQCD: 2 point functions 0tsep
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NOTE: if  the creation operator is 
conjugate to the annihilation operator
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LQCD: 2 point functions
Parity violating matrix elements involve multi-hadrons in the initial and/or final state 

2-hadron spectroscopy brings additional, substantial challenges (sources of  systematic uncertainty) 
The relative stochastic noise is worse 
The physics of  interest resides in the relatively small interaction energy 

Isolating the ground state is exponentially more challenging 
Critical to know the multi-hadron interaction energy 
FV ME → Inf. V ME depends on phase shift 
                   can be O(100% or more) effect

O(tO)
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<latexit sha1_base64="64wwDeQcvExJxbjpclj4OzN8xD0=">AAAB9nicbZDLSsNAFIZPvNZ6q7p0M1iEClISKeqy6MaVVLAXaEOZTCft0MkkzEyKJfQV3OrKnbj1dVz4Lk7SLLT1wMDH/5/DOfN7EWdK2/aXtbK6tr6xWdgqbu/s7u2XDg5bKowloU0S8lB2PKwoZ4I2NdOcdiJJceBx2vbGt6nfnlCpWCge9TSiboCHgvmMYJ1K9xX7rF8q21U7K7QMTg5lyKvRL333BiGJAyo04ViprmNH2k2w1IxwOiv2YkUjTMZ4SLsGBQ6oOh9MWKQydJPs7Bk6NeYA+aE0T2iUqb+HExwoNQ080xlgPVKLXir+53Vj7V+7CRNRrKkg80V+zJEOUZoBGjBJieZTA5hIZs5GZIQlJtokVTR5OIu/X4bWRdW5rNYeauX6TZ5MAY7hBCrgwBXU4Q4a0AQCI3iGF3i1nqw36936mLeuWPnMEfwp6/MHr+SSIg==</latexit>

N(0)
<latexit sha1_base64="MrGsGx3dFK+7HMNaT1095srdkJg=">AAACAHicbZDLSgMxFIbP1Futt6pLN8EiVJAyI0VdFt24kgr2Au1YMpm0DU1mhiRTKEM3PoVbXbkTt76JC9/FdDoLbT0Q+Pj/c5Kc34s4U9q2v6zcyura+kZ+s7C1vbO7V9w/aKowloQ2SMhD2fawopwFtKGZ5rQdSYqFx2nLG93M/NaYSsXC4EFPIuoKPAhYnxGsjfR4V9a9pCsFUjSanvaKJbtip4WWwcmgBFnVe8Xvrh+SWNBAE46V6jh2pN0ES80Ip9NCNzb3YjLCA9oxGGBB1Zk/ZpFK0U3SBaboxJg+6ofSnECjVP09nGCh1ER4plNgPVSL3kz8z+vEun/lJiyIYk0DMn+oH3OkQzRLA/lMUqL5xAAmkplvIzLEEhNtMiuYPJzF7ZeheV5xLirV+2qpdp0lk4cjOIYyOHAJNbiFOjSAgIRneIFX68l6s96tj3lrzspmDuFPWZ8/3d+WxA==</latexit>

N(tsep)

<latexit sha1_base64="qIXxlYoDIAb29g4FKk93yAgFqH0=">AAACBHicbZBNS8MwGMfT+TbnW9Wjl+AQJshoZajHoRePE9wLrKWkabaFJW1I0sEou/opvOrJm3j1e3jwu5h1PejmA4Ef///zJHn+oWBUacf5skpr6xubW+Xtys7u3v6BfXjUUUkqMWnjhCWyFyJFGI1JW1PNSE9IgnjISDcc38397oRIRZP4UU8F8TkaxnRAMdJGCmzbE7Smg8yTHCoiZueBXXXqTl5wFdwCqqCoVmB/e1GCU05ijRlSqu86QvsZkppiRmYVLzX3IjxGQ9I3GCNO1EU0oULl6Gf5EjN4ZswIDhJpTqxhrv4ezhBXaspD08mRHqllby7+5/VTPbjxMxqLVJMYLx4apAzqBM4TgRGVBGs2NYCwpObbEI+QRFib3ComD3d5+1XoXNbdq3rjoVFt3hbJlMEJOAU14IJr0AT3oAXaAIMJeAYv4NV6st6sd+tj0Vqyiplj8Keszx8WNZfw</latexit>

⇡(tsep)

<latexit sha1_base64="1JRFbyBSB9UxBEo9NvkxKLNRric=">AAACE3icbZDLSgMxFIYz9VbrrerShcEiiEiZkaIui25cVrAX6IzlTCbThiYzQ5KplNKlj+BTuNWVO3HrA7jwXUzrLLT1kMDH/59Dcn4/4Uxp2/60cguLS8sr+dXC2vrG5lZxe6eh4lQSWicxj2XLB0U5i2hdM81pK5EUhM9p0+9fTfzmgErF4uhWDxPqCehGLGQEtJE6xX03YdjtghBwd4xdybo9DVLG99gY5nSKJbtsTwvPg5NBCWVV6xS/3CAmqaCRJhyUajt2or0RSM0Ip+OCmyqaAOlDl7YNRiCoOgkGLFFT9EbTncb40JgBDmNpbqTxVP09PAKh1FD4plOA7qlZbyL+57VTHV54IxYlqaYR+XkoTDnWMZ4EhAMmKdF8aACIZObbmPRAAtEmxoLJw5ndfh4ap2XnrFy5qZSql1kyebSHDtARctA5qqJrVEN1RNADekLP6MV6tF6tN+v9pzVnZTO76E9ZH992xJ4d</latexit>

⇡�⇤ ! ⇡⇡

Briceno et al, PRD 93 (2016) [1604.03550]



8

LQCD: 2 point functions
Parity violating matrix elements involve multi-hadrons in the initial and/or final state 

2-hadron spectroscopy brings additional, substantial challenges (sources of  systematic uncertainty) 
The relative stochastic noise is worse 
The physics of  interest resides in the relatively small interaction energy 

Isolating the ground state is exponentially more challenging 
Matrix element → need to isolate the ground state on either side of  the operator 

(or we are stuck with significant excited state contamination)
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LQCD: NN matrix elements
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LQCD: NN matrix elements

ΔI=0
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LQCD: NN matrix elements

ΔI=0,1
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LQCD: NN matrix elements

ΔI=0,1,2
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LQCD: NN matrix elements

ΔI=0,1,2

The “disconnected” quark loops are numerically more expensive, and 
stochastically noisier 
The non-perturbative renormalization becomes more challenging also (eg. ΔI=0 
mixes with the vacuum - power-divergent mixing :O)
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LQCD: NN matrix elements

ΔI=2

To project the operator, O, onto definite momentum, and to project the final NN state 
onto definite momentum, we need all-to-all propagators (expensive):  

Not possible with (old) standard NN calculations with local creation operators and 
momentum space annihilation operators 

O(tO, z)
<latexit sha1_base64="xeTbMOrAndeAYOokdUoSCpXyeZo=">AAACGHicbZDNSsNAEMc39avWr6hHL8FSqFBKIoJ6K3rxZgVjC20Im82mXbrZhN1NoYY+gY/gU3jVkyfx6s2D7+ImzaG2Diz8dv4zzMzfiykR0jS/tdLK6tr6RnmzsrW9s7un7x88iCjhCNsoohHvelBgShi2JZEUd2OOYehR3PFG15neGWMuSMTu5STGTggHjAQEQalSrl7rh1AOEaTp7bQu3blfI2cvSB+nJ65eNZtmHsYyWAVUQRFtV//p+xFKQswkolCInmXG0kkhlwRRPK30E4FjiEZwgHsKGQyxaPhjEoscnTS/bGrUlOgbQcTVY9LIs/PNKQyFmISeqsy2FYtalvxP6yUyuHBSwuJEYoZmg4KEGjIyMpsMn3CMJJ0ogIgTtbaBhpBDJJWZFeWHtXj9MtinzcumdXdWbV0VxpTBETgGdWCBc9ACN6ANbIDAE3gBr+BNe9betQ/tc1Za0oqeQ/AntK9fuPGhIw==</latexit><latexit sha1_base64="xeTbMOrAndeAYOokdUoSCpXyeZo=">AAACGHicbZDNSsNAEMc39avWr6hHL8FSqFBKIoJ6K3rxZgVjC20Im82mXbrZhN1NoYY+gY/gU3jVkyfx6s2D7+ImzaG2Diz8dv4zzMzfiykR0jS/tdLK6tr6RnmzsrW9s7un7x88iCjhCNsoohHvelBgShi2JZEUd2OOYehR3PFG15neGWMuSMTu5STGTggHjAQEQalSrl7rh1AOEaTp7bQu3blfI2cvSB+nJ65eNZtmHsYyWAVUQRFtV//p+xFKQswkolCInmXG0kkhlwRRPK30E4FjiEZwgHsKGQyxaPhjEoscnTS/bGrUlOgbQcTVY9LIs/PNKQyFmISeqsy2FYtalvxP6yUyuHBSwuJEYoZmg4KEGjIyMpsMn3CMJJ0ogIgTtbaBhpBDJJWZFeWHtXj9MtinzcumdXdWbV0VxpTBETgGdWCBc9ACN6ANbIDAE3gBr+BNe9betQ/tc1Za0oqeQ/AntK9fuPGhIw==</latexit><latexit sha1_base64="xeTbMOrAndeAYOokdUoSCpXyeZo=">AAACGHicbZDNSsNAEMc39avWr6hHL8FSqFBKIoJ6K3rxZgVjC20Im82mXbrZhN1NoYY+gY/gU3jVkyfx6s2D7+ImzaG2Diz8dv4zzMzfiykR0jS/tdLK6tr6RnmzsrW9s7un7x88iCjhCNsoohHvelBgShi2JZEUd2OOYehR3PFG15neGWMuSMTu5STGTggHjAQEQalSrl7rh1AOEaTp7bQu3blfI2cvSB+nJ65eNZtmHsYyWAVUQRFtV//p+xFKQswkolCInmXG0kkhlwRRPK30E4FjiEZwgHsKGQyxaPhjEoscnTS/bGrUlOgbQcTVY9LIs/PNKQyFmISeqsy2FYtalvxP6yUyuHBSwuJEYoZmg4KEGjIyMpsMn3CMJJ0ogIgTtbaBhpBDJJWZFeWHtXj9MtinzcumdXdWbV0VxpTBETgGdWCBc9ACN6ANbIDAE3gBr+BNe9betQ/tc1Za0oqeQ/AntK9fuPGhIw==</latexit><latexit sha1_base64="xeTbMOrAndeAYOokdUoSCpXyeZo=">AAACGHicbZDNSsNAEMc39avWr6hHL8FSqFBKIoJ6K3rxZgVjC20Im82mXbrZhN1NoYY+gY/gU3jVkyfx6s2D7+ImzaG2Diz8dv4zzMzfiykR0jS/tdLK6tr6RnmzsrW9s7un7x88iCjhCNsoohHvelBgShi2JZEUd2OOYehR3PFG15neGWMuSMTu5STGTggHjAQEQalSrl7rh1AOEaTp7bQu3blfI2cvSB+nJ65eNZtmHsYyWAVUQRFtV//p+xFKQswkolCInmXG0kkhlwRRPK30E4FjiEZwgHsKGQyxaPhjEoscnTS/bGrUlOgbQcTVY9LIs/PNKQyFmISeqsy2FYtalvxP6yUyuHBSwuJEYoZmg4KEGjIyMpsMn3CMJJ0ogIgTtbaBhpBDJJWZFeWHtXj9MtinzcumdXdWbV0VxpTBETgGdWCBc9ACN6ANbIDAE3gBr+BNe9betQ/tc1Za0oqeQ/AntK9fuPGhIw==</latexit>NN(t,x)

<latexit sha1_base64="0JI1uFcq5means642e5ZJbFdq1w=">AAACA3icbZDNSsNAFIUn9a/Wv6hLN4NFqFBKIoK6K7pxVSoYW2hDmUwm7dDJJMxMiiV061O41ZUrceuDuPBdnKRZaOuFgY9z7mXuPV7MqFSW9WWUVlbX1jfKm5Wt7Z3dPXP/4EFGicDEwRGLRNdDkjDKiaOoYqQbC4JCj5GON77J/M6ECEkjfq+mMXFDNOQ0oBgpLQ1Ms9WqqXo/RGrkBenj7HRgVq2GlRdcBruAKiiqPTC/+36Ek5BwhRmSsmdbsXJTJBTFjMwq/USSGOExGpKeRo5CIuv+hMYyRzfNj5jBE236MIiEflzBXP09nKJQymno6c5sW7noZeJ/Xi9RwaWbUh4ninA8/yhIGFQRzBKBPhUEKzbVgLCgem2IR0ggrHRuFZ2HvXj9MjhnjauGfXdebV4XwZTBETgGNWCDC9AEt6ANHIDBBDyDF/BqPBlvxrvxMW8tGcXMIfhTxucPMyaXkg==</latexit><latexit sha1_base64="0JI1uFcq5means642e5ZJbFdq1w=">AAACA3icbZDNSsNAFIUn9a/Wv6hLN4NFqFBKIoK6K7pxVSoYW2hDmUwm7dDJJMxMiiV061O41ZUrceuDuPBdnKRZaOuFgY9z7mXuPV7MqFSW9WWUVlbX1jfKm5Wt7Z3dPXP/4EFGicDEwRGLRNdDkjDKiaOoYqQbC4JCj5GON77J/M6ECEkjfq+mMXFDNOQ0oBgpLQ1Ms9WqqXo/RGrkBenj7HRgVq2GlRdcBruAKiiqPTC/+36Ek5BwhRmSsmdbsXJTJBTFjMwq/USSGOExGpKeRo5CIuv+hMYyRzfNj5jBE236MIiEflzBXP09nKJQymno6c5sW7noZeJ/Xi9RwaWbUh4ninA8/yhIGFQRzBKBPhUEKzbVgLCgem2IR0ggrHRuFZ2HvXj9MjhnjauGfXdebV4XwZTBETgGNWCDC9AEt6ANHIDBBDyDF/BqPBlvxrvxMW8tGcXMIfhTxucPMyaXkg==</latexit><latexit sha1_base64="0JI1uFcq5means642e5ZJbFdq1w=">AAACA3icbZDNSsNAFIUn9a/Wv6hLN4NFqFBKIoK6K7pxVSoYW2hDmUwm7dDJJMxMiiV061O41ZUrceuDuPBdnKRZaOuFgY9z7mXuPV7MqFSW9WWUVlbX1jfKm5Wt7Z3dPXP/4EFGicDEwRGLRNdDkjDKiaOoYqQbC4JCj5GON77J/M6ECEkjfq+mMXFDNOQ0oBgpLQ1Ms9WqqXo/RGrkBenj7HRgVq2GlRdcBruAKiiqPTC/+36Ek5BwhRmSsmdbsXJTJBTFjMwq/USSGOExGpKeRo5CIuv+hMYyRzfNj5jBE236MIiEflzBXP09nKJQymno6c5sW7noZeJ/Xi9RwaWbUh4ninA8/yhIGFQRzBKBPhUEKzbVgLCgem2IR0ggrHRuFZ2HvXj9MjhnjauGfXdebV4XwZTBETgGNWCDC9AEt6ANHIDBBDyDF/BqPBlvxrvxMW8tGcXMIfhTxucPMyaXkg==</latexit><latexit sha1_base64="0JI1uFcq5means642e5ZJbFdq1w=">AAACA3icbZDNSsNAFIUn9a/Wv6hLN4NFqFBKIoK6K7pxVSoYW2hDmUwm7dDJJMxMiiV061O41ZUrceuDuPBdnKRZaOuFgY9z7mXuPV7MqFSW9WWUVlbX1jfKm5Wt7Z3dPXP/4EFGicDEwRGLRNdDkjDKiaOoYqQbC4JCj5GON77J/M6ECEkjfq+mMXFDNOQ0oBgpLQ1Ms9WqqXo/RGrkBenj7HRgVq2GlRdcBruAKiiqPTC/+36Ek5BwhRmSsmdbsXJTJBTFjMwq/USSGOExGpKeRo5CIuv+hMYyRzfNj5jBE236MIiEflzBXP09nKJQymno6c5sW7noZeJ/Xi9RwaWbUh4ninA8/yhIGFQRzBKBPhUEKzbVgLCgem2IR0ggrHRuFZ2HvXj9MjhnjauGfXdebV4XwZTBETgGNWCDC9AEt6ANHIDBBDyDF/BqPBlvxrvxMW8tGcXMIfhTxucPMyaXkg==</latexit>

N†N†(0,0)
<latexit sha1_base64="H/Js9Sa19OaNQJCfi+cqAOTRSTo=">AAACFHicbZDLSsNAFIYn9VbrLerSzWgRKpSSiKDuim5cSQVjC00sk8mkHTq5MDMplNC1j+BTuNWVK3Hr3oXv4iQNoq0HBj7+/xzmnN+NGRXSMD610sLi0vJKebWytr6xuaVv79yJKOGYWDhiEe+4SBBGQ2JJKhnpxJygwGWk7Q4vM789IlzQKLyV45g4AeqH1KcYSSX19P3re9tD/T7h8IdqRt0OkBy4fmpMjnp61WgYecF5MAuogqJaPf3L9iKcBCSUmCEhuqYRSydFXFLMyKRiJ4LECA9Rn3QVhiggou6NaCxydNL8qgk8VKYH/YirF0qYq7+HUxQIMQ5c1ZltK2a9TPzP6ybSP3NSGsaJJCGefuQnDMoIZhFBj3KCJRsrQJhTtTbEA8QRlirIisrDnL1+HqzjxnnDvDmpNi+KYMpgDxyAGjDBKWiCK9ACFsDgATyBZ/CiPWqv2pv2Pm0tacXMLvhT2sc3XBeeGA==</latexit><latexit sha1_base64="H/Js9Sa19OaNQJCfi+cqAOTRSTo=">AAACFHicbZDLSsNAFIYn9VbrLerSzWgRKpSSiKDuim5cSQVjC00sk8mkHTq5MDMplNC1j+BTuNWVK3Hr3oXv4iQNoq0HBj7+/xzmnN+NGRXSMD610sLi0vJKebWytr6xuaVv79yJKOGYWDhiEe+4SBBGQ2JJKhnpxJygwGWk7Q4vM789IlzQKLyV45g4AeqH1KcYSSX19P3re9tD/T7h8IdqRt0OkBy4fmpMjnp61WgYecF5MAuogqJaPf3L9iKcBCSUmCEhuqYRSydFXFLMyKRiJ4LECA9Rn3QVhiggou6NaCxydNL8qgk8VKYH/YirF0qYq7+HUxQIMQ5c1ZltK2a9TPzP6ybSP3NSGsaJJCGefuQnDMoIZhFBj3KCJRsrQJhTtTbEA8QRlirIisrDnL1+HqzjxnnDvDmpNi+KYMpgDxyAGjDBKWiCK9ACFsDgATyBZ/CiPWqv2pv2Pm0tacXMLvhT2sc3XBeeGA==</latexit><latexit sha1_base64="H/Js9Sa19OaNQJCfi+cqAOTRSTo=">AAACFHicbZDLSsNAFIYn9VbrLerSzWgRKpSSiKDuim5cSQVjC00sk8mkHTq5MDMplNC1j+BTuNWVK3Hr3oXv4iQNoq0HBj7+/xzmnN+NGRXSMD610sLi0vJKebWytr6xuaVv79yJKOGYWDhiEe+4SBBGQ2JJKhnpxJygwGWk7Q4vM789IlzQKLyV45g4AeqH1KcYSSX19P3re9tD/T7h8IdqRt0OkBy4fmpMjnp61WgYecF5MAuogqJaPf3L9iKcBCSUmCEhuqYRSydFXFLMyKRiJ4LECA9Rn3QVhiggou6NaCxydNL8qgk8VKYH/YirF0qYq7+HUxQIMQ5c1ZltK2a9TPzP6ybSP3NSGsaJJCGefuQnDMoIZhFBj3KCJRsrQJhTtTbEA8QRlirIisrDnL1+HqzjxnnDvDmpNi+KYMpgDxyAGjDBKWiCK9ACFsDgATyBZ/CiPWqv2pv2Pm0tacXMLvhT2sc3XBeeGA==</latexit><latexit sha1_base64="H/Js9Sa19OaNQJCfi+cqAOTRSTo=">AAACFHicbZDLSsNAFIYn9VbrLerSzWgRKpSSiKDuim5cSQVjC00sk8mkHTq5MDMplNC1j+BTuNWVK3Hr3oXv4iQNoq0HBj7+/xzmnN+NGRXSMD610sLi0vJKebWytr6xuaVv79yJKOGYWDhiEe+4SBBGQ2JJKhnpxJygwGWk7Q4vM789IlzQKLyV45g4AeqH1KcYSSX19P3re9tD/T7h8IdqRt0OkBy4fmpMjnp61WgYecF5MAuogqJaPf3L9iKcBCSUmCEhuqYRSydFXFLMyKRiJ4LECA9Rn3QVhiggou6NaCxydNL8qgk8VKYH/YirF0qYq7+HUxQIMQ5c1ZltK2a9TPzP6ybSP3NSGsaJJCGefuQnDMoIZhFBj3KCJRsrQJhTtTbEA8QRlirIisrDnL1+HqzjxnnDvDmpNi+KYMpgDxyAGjDBKWiCK9ACFsDgATyBZ/CiPWqv2pv2Pm0tacXMLvhT2sc3XBeeGA==</latexit>

X

x

,
X

z
<latexit sha1_base64="n0s/WCUHosvv+WfXgpl5ZioSCz8=">AAACFXicbZDLSsNAFIYn9VbrLerSzdAiuCglEUHdFd24rGBsoSlhMpm0QycXZibFGrL3EXwKt7pyJW5du/BdnKQRtPXAwMf/n8Oc87sxo0IaxqdWWVpeWV2rrtc2Nre2d/TdvVsRJRwTC0cs4j0XCcJoSCxJJSO9mBMUuIx03fFl7ncnhAsahTdyGpNBgIYh9SlGUkmOXrdFEjipHSA5cv30LsuasJB+lPvM0RtGyygKLoJZQgOU1XH0L9uLcBKQUGKGhOibRiwHKeKSYkaymp0IEiM8RkPSVxiigIimN6GxKHCQFmdl8FCZHvQjrl4oYaH+Hk5RIMQ0cFVnvqyY93LxP6+fSP9skNIwTiQJ8ewjP2FQRjDPCHqUEyzZVAHCnKq1IR4hjrBUSdZUHub89YtgHbfOW+b1SaN9UQZTBQegDo6ACU5BG1yBDrAABg/gCTyDF+1Re9XetPdZa0UrZ/bBn9I+vgEhQqBd</latexit><latexit sha1_base64="n0s/WCUHosvv+WfXgpl5ZioSCz8=">AAACFXicbZDLSsNAFIYn9VbrLerSzdAiuCglEUHdFd24rGBsoSlhMpm0QycXZibFGrL3EXwKt7pyJW5du/BdnKQRtPXAwMf/n8Oc87sxo0IaxqdWWVpeWV2rrtc2Nre2d/TdvVsRJRwTC0cs4j0XCcJoSCxJJSO9mBMUuIx03fFl7ncnhAsahTdyGpNBgIYh9SlGUkmOXrdFEjipHSA5cv30LsuasJB+lPvM0RtGyygKLoJZQgOU1XH0L9uLcBKQUGKGhOibRiwHKeKSYkaymp0IEiM8RkPSVxiigIimN6GxKHCQFmdl8FCZHvQjrl4oYaH+Hk5RIMQ0cFVnvqyY93LxP6+fSP9skNIwTiQJ8ewjP2FQRjDPCHqUEyzZVAHCnKq1IR4hjrBUSdZUHub89YtgHbfOW+b1SaN9UQZTBQegDo6ACU5BG1yBDrAABg/gCTyDF+1Re9XetPdZa0UrZ/bBn9I+vgEhQqBd</latexit><latexit sha1_base64="n0s/WCUHosvv+WfXgpl5ZioSCz8=">AAACFXicbZDLSsNAFIYn9VbrLerSzdAiuCglEUHdFd24rGBsoSlhMpm0QycXZibFGrL3EXwKt7pyJW5du/BdnKQRtPXAwMf/n8Oc87sxo0IaxqdWWVpeWV2rrtc2Nre2d/TdvVsRJRwTC0cs4j0XCcJoSCxJJSO9mBMUuIx03fFl7ncnhAsahTdyGpNBgIYh9SlGUkmOXrdFEjipHSA5cv30LsuasJB+lPvM0RtGyygKLoJZQgOU1XH0L9uLcBKQUGKGhOibRiwHKeKSYkaymp0IEiM8RkPSVxiigIimN6GxKHCQFmdl8FCZHvQjrl4oYaH+Hk5RIMQ0cFVnvqyY93LxP6+fSP9skNIwTiQJ8ewjP2FQRjDPCHqUEyzZVAHCnKq1IR4hjrBUSdZUHub89YtgHbfOW+b1SaN9UQZTBQegDo6ACU5BG1yBDrAABg/gCTyDF+1Re9XetPdZa0UrZ/bBn9I+vgEhQqBd</latexit><latexit sha1_base64="n0s/WCUHosvv+WfXgpl5ZioSCz8=">AAACFXicbZDLSsNAFIYn9VbrLerSzdAiuCglEUHdFd24rGBsoSlhMpm0QycXZibFGrL3EXwKt7pyJW5du/BdnKQRtPXAwMf/n8Oc87sxo0IaxqdWWVpeWV2rrtc2Nre2d/TdvVsRJRwTC0cs4j0XCcJoSCxJJSO9mBMUuIx03fFl7ncnhAsahTdyGpNBgIYh9SlGUkmOXrdFEjipHSA5cv30LsuasJB+lPvM0RtGyygKLoJZQgOU1XH0L9uLcBKQUGKGhOibRiwHKeKSYkaymp0IEiM8RkPSVxiigIimN6GxKHCQFmdl8FCZHvQjrl4oYaH+Hk5RIMQ0cFVnvqyY93LxP6+fSP9skNIwTiQJ8ewjP2FQRjDPCHqUEyzZVAHCnKq1IR4hjrBUSdZUHub89YtgHbfOW+b1SaN9UQZTBQegDo6ACU5BG1yBDrAABg/gCTyDF+1Re9XetPdZa0UrZ/bBn9I+vgEhQqBd</latexit>
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LQCD: NN matrix elements
We started the ΔI=2, NN calculation in 2015                     Kurth et al., 1511.02260 
Ultimately, we decided that the growing concern regarding the NN bound-state controversy, 
combined with the challenge of performing the 4-quark matrix element calculation, were too 
severe to proceed 
So we went back to basics to improve our NN calculations before trying to tackle the parity 
violating matrix element calculations
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Two-nucleon controversy/discrepancy
<latexit sha1_base64="NGeq2nLhYCaumMSCMQ3ZccZEBwQ=">AAAB/3icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgipgrGBhLBK9SG2oHMdprTpxajsVVdSBp2CFiQ2x8igMvAtu2gFajmTp0/+fo3P8ezFnStv2l5VbWV1b38hvFra2d3b3ivsHDSUSSWidCC5ky8OKchbRumaa01YsKQ49Tpve4GbqN0dUKiaiez2OqRviXsQCRrA2kksfUjbsEF9o9DjpFkt22c4KLYMzhxLMq9Ytfnd8QZKQRppwrFTbsWPtplhqRjidFDqJojEmA9yjbYMRDqk680csVhm6aXb/BJ0Y00eBkOZFGmXq7+EUh0qNQ890hlj31aI3Ff/z2okOrtyURXGiaURmi4KEIy3QNAzkM0mJ5mMDmEhmzkakjyUm2kRWMHk4i79fhsZ52bkoV+4qper1PJk8HMExnIIDl1CFW6hBHQgM4Rle4NV6st6sd+tj1pqz5jOH8Keszx/zGpbg</latexit>

eiq·x

<latexit sha1_base64="T2AwfLyJYcwTayV+3TCxR98OjZM=">AAACBXicbZC7TsMwFIYdrqXcUhhZLCqkIkGVoAoYK1gYi0QvUhsqx3Faq04cbKcoijrzFKwwsSFWnoOBd8FNM0DLL1n6dP5zdHx+N2JUKsv6MpaWV1bX1gsbxc2t7Z1ds7TXkjwWmDQxZ1x0XCQJoyFpKqoY6USCoMBlpO2Orqd+e0yEpDy8U0lEnAANQupTjJQu9c0SuU9ppXH6cNzDHlcwmfTNslW1MsFFsHMog1yNvvnd8ziOAxIqzJCUXduKlJMioShmZFLsxZJECI/QgHQ1higg8sQb00hm6KTZFRN4pE0P+lzoFyqYVX8PpyiQMglc3RkgNZTz3rT4n9eNlX/ppDSMYkVCPFvkxwwqDqeRQI8KghVLNCAsqP42xEMkEFY6uKLOw56/fhFaZ1X7vFq7rZXrV3kyBXAADkEF2OAC1MENaIAmwOARPIMX8Go8GW/Gu/Exa10y8pl98EfG5w9SwJgI</latexit>

ei(P�q)·y

<latexit sha1_base64="NGeq2nLhYCaumMSCMQ3ZccZEBwQ=">AAAB/3icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgipgrGBhLBK9SG2oHMdprTpxajsVVdSBp2CFiQ2x8igMvAtu2gFajmTp0/+fo3P8ezFnStv2l5VbWV1b38hvFra2d3b3ivsHDSUSSWidCC5ky8OKchbRumaa01YsKQ49Tpve4GbqN0dUKiaiez2OqRviXsQCRrA2kksfUjbsEF9o9DjpFkt22c4KLYMzhxLMq9Ytfnd8QZKQRppwrFTbsWPtplhqRjidFDqJojEmA9yjbYMRDqk680csVhm6aXb/BJ0Y00eBkOZFGmXq7+EUh0qNQ890hlj31aI3Ff/z2okOrtyURXGiaURmi4KEIy3QNAzkM0mJ5mMDmEhmzkakjyUm2kRWMHk4i79fhsZ52bkoV+4qper1PJk8HMExnIIDl1CFW6hBHQgM4Rle4NV6st6sd+tj1pqz5jOH8Keszx/zGpbg</latexit>

eiq·x

<latexit sha1_base64="T2AwfLyJYcwTayV+3TCxR98OjZM=">AAACBXicbZC7TsMwFIYdrqXcUhhZLCqkIkGVoAoYK1gYi0QvUhsqx3Faq04cbKcoijrzFKwwsSFWnoOBd8FNM0DLL1n6dP5zdHx+N2JUKsv6MpaWV1bX1gsbxc2t7Z1ds7TXkjwWmDQxZ1x0XCQJoyFpKqoY6USCoMBlpO2Orqd+e0yEpDy8U0lEnAANQupTjJQu9c0SuU9ppXH6cNzDHlcwmfTNslW1MsFFsHMog1yNvvnd8ziOAxIqzJCUXduKlJMioShmZFLsxZJECI/QgHQ1higg8sQb00hm6KTZFRN4pE0P+lzoFyqYVX8PpyiQMglc3RkgNZTz3rT4n9eNlX/ppDSMYkVCPFvkxwwqDqeRQI8KghVLNCAsqP42xEMkEFY6uKLOw56/fhFaZ1X7vFq7rZXrV3kyBXAADkEF2OAC1MENaIAmwOARPIMX8Go8GW/Gu/Exa10y8pl98EfG5w9SwJgI</latexit>

ei(P�q)·y

<latexit sha1_base64="NGeq2nLhYCaumMSCMQ3ZccZEBwQ=">AAAB/3icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgipgrGBhLBK9SG2oHMdprTpxajsVVdSBp2CFiQ2x8igMvAtu2gFajmTp0/+fo3P8ezFnStv2l5VbWV1b38hvFra2d3b3ivsHDSUSSWidCC5ky8OKchbRumaa01YsKQ49Tpve4GbqN0dUKiaiez2OqRviXsQCRrA2kksfUjbsEF9o9DjpFkt22c4KLYMzhxLMq9Ytfnd8QZKQRppwrFTbsWPtplhqRjidFDqJojEmA9yjbYMRDqk680csVhm6aXb/BJ0Y00eBkOZFGmXq7+EUh0qNQ890hlj31aI3Ff/z2okOrtyURXGiaURmi4KEIy3QNAzkM0mJ5mMDmEhmzkakjyUm2kRWMHk4i79fhsZ52bkoV+4qper1PJk8HMExnIIDl1CFW6hBHQgM4Rle4NV6st6sd+tj1pqz5jOH8Keszx/zGpbg</latexit>

eiq·x

<latexit sha1_base64="T2AwfLyJYcwTayV+3TCxR98OjZM=">AAACBXicbZC7TsMwFIYdrqXcUhhZLCqkIkGVoAoYK1gYi0QvUhsqx3Faq04cbKcoijrzFKwwsSFWnoOBd8FNM0DLL1n6dP5zdHx+N2JUKsv6MpaWV1bX1gsbxc2t7Z1ds7TXkjwWmDQxZ1x0XCQJoyFpKqoY6USCoMBlpO2Orqd+e0yEpDy8U0lEnAANQupTjJQu9c0SuU9ppXH6cNzDHlcwmfTNslW1MsFFsHMog1yNvvnd8ziOAxIqzJCUXduKlJMioShmZFLsxZJECI/QgHQ1higg8sQb00hm6KTZFRN4pE0P+lzoFyqYVX8PpyiQMglc3RkgNZTz3rT4n9eNlX/ppDSMYkVCPFvkxwwqDqeRQI8KghVLNCAsqP42xEMkEFY6uKLOw56/fhFaZ1X7vFq7rZXrV3kyBXAADkEF2OAC1MENaIAmwOARPIMX8Go8GW/Gu/Exa10y8pl98EfG5w9SwJgI</latexit>

ei(P�q)·y

<latexit sha1_base64="v7Ce4mlBZPAEUiRmRl8WXV/ixTk=">AAAB83icbZBNS8NAEIYnftb6VfXoJVgED1ISKeqx6MVjC/YD2lA2m0m7dLMJu5tiKf0FXvXkTbz6gzz4X9ymOWjrwMLD+84ws6+fcKa043xZa+sbm1vbhZ3i7t7+wWHp6Lil4lRSbNKYx7LjE4WcCWxqpjl2Eokk8jm2/dH93G+PUSoWi0c9SdCLyECwkFGijdR46pfKTsXJyl4FN4cy5FXvl757QUzTCIWmnCjVdZ1Ee1MiNaMcZ8VeqjAhdEQG2DUoSITqMhizRGXoTbObZ/a5MQM7jKV5QtuZ+nt4SiKlJpFvOiOih2rZm4v/ed1Uh7felIkk1SjoYlGYclvH9jwAO2ASqeYTA4RKZs626ZBIQrWJqWjycJd/vwqtq4p7Xak2quXaXZ5MAU7hDC7AhRuowQPUoQkUEJ7hBV6t1Hqz3q2PReualc+cwJ+yPn8At/+RrQ==</latexit>x

<latexit sha1_base64="Gm1EiXp/2wb5IP5q+PTZbE2QMC0=">AAAB+nicbZDLSsNAFIYnXmu9VV26GSyCoJREiros6sJlBXuBNpTJZNIOnUzCzEmxxL6EW125E7e+jAvfxWmahbYeGPj4/3M4Z34vFlyDbX9ZS8srq2vrhY3i5tb2zm5pb7+po0RR1qCRiFTbI5oJLlkDOAjWjhUjoSdYyxveTP3WiCnNI/kA45i5IelLHnBKwEjtx9PuLRNAeqWyXbGzwovg5FBGedV7pe+uH9EkZBKoIFp3HDsGNyUKOBVsUuwmmsWEDkmfdQxKEjJ95o94rDN00+z0CT42po+DSJknAWfq7+GUhFqPQ890hgQGet6biv95nQSCKzflMk6ASTpbFCQCQ4SnOWCfK0ZBjA0Qqrg5G9MBUYSCSato8nDmf78IzfOKc1Gp3lfLtes8mQI6REfoBDnoEtXQHaqjBqJIoGf0gl6tJ+vNerc+Zq1LVj5zgP6U9fkDkr2UZA==</latexit>

x+�

<latexit sha1_base64="v7Ce4mlBZPAEUiRmRl8WXV/ixTk=">AAAB83icbZBNS8NAEIYnftb6VfXoJVgED1ISKeqx6MVjC/YD2lA2m0m7dLMJu5tiKf0FXvXkTbz6gzz4X9ymOWjrwMLD+84ws6+fcKa043xZa+sbm1vbhZ3i7t7+wWHp6Lil4lRSbNKYx7LjE4WcCWxqpjl2Eokk8jm2/dH93G+PUSoWi0c9SdCLyECwkFGijdR46pfKTsXJyl4FN4cy5FXvl757QUzTCIWmnCjVdZ1Ee1MiNaMcZ8VeqjAhdEQG2DUoSITqMhizRGXoTbObZ/a5MQM7jKV5QtuZ+nt4SiKlJpFvOiOih2rZm4v/ed1Uh7felIkk1SjoYlGYclvH9jwAO2ASqeYTA4RKZs626ZBIQrWJqWjycJd/vwqtq4p7Xak2quXaXZ5MAU7hDC7AhRuowQPUoQkUEJ7hBV6t1Hqz3q2PReualc+cwJ+yPn8At/+RrQ==</latexit>x

<latexit sha1_base64="ziD6r4W7hsDEzbr+SVFSN16a864=">AAAB9XicbZDLSsNAFIZPvNZ6q7p0M1gEQSmJFHVZdOOyor1AG8pkMmmHTiZhZlItoY/gVlfuxK3P48J3cZpmoa0HBj7+/xzOmd+LOVPatr+speWV1bX1wkZxc2t7Z7e0t99UUSIJbZCIR7LtYUU5E7Shmea0HUuKQ4/Tlje8mfqtEZWKReJBj2PqhrgvWMAI1ka6fzqVvVLZrthZoUVwcihDXvVe6bvrRyQJqdCEY6U6jh1rN8VSM8LppNhNFI0xGeI+7RgUOKTqzB+xWGXoptnVE3RsTB8FkTRPaJSpv4dTHCo1Dj3TGWI9UPPeVPzP6yQ6uHJTJuJEU0Fmi4KEIx2haQTIZ5ISzccGMJHMnI3IAEtMtAmqaPJw5n+/CM3zinNRqd5Vy7XrPJkCHMIRnIADl1CDW6hDAwj04Rle4NV6tN6sd+tj1rpk5TMH8Keszx/3vJJe</latexit>

x+ r

<latexit sha1_base64="tIupVvsk/5ANMYxVOM+2MS0U4P8=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaLUMGWRIq6LLpxWcFeoI1hMpm0QyeZMDMp1NAX8Cnc6sqduPUtXPguTtMstPrDwMf5z+HM+b2YUaks69MoLC2vrK4V10sbm1vbO+buXlvyRGDSwpxx0fWQJIxGpKWoYqQbC4JCj5GON7qe+Z0xEZLy6E5NYuKEaBDRgGKkdMk1D8h9WqWVZjU+6WOfKzhx6dQ1y1bNygT/gp1DGeRquuZX3+c4CUmkMENS9mwrVk6KhKKYkWmpn0gSIzxCA9LTGKGQyFN/TGOZoZNmh0zhsTZ9GHChX6RgVv05nKJQykno6c4QqaFc9GbF/7xeooJLJ6VRnCgS4fmiIGFQcThLBfpUEKzYRAPCgupvQzxEAmGlsyvpPOzF6/9C+6xmn9fqt/Vy4ypPpggOwRGoABtcgAa4AU3QAhg8gCfwDF6MR+PVeDPe560FI5/ZB79kfHwDTu6ZGg==</latexit>

e�i(P�p)·yi

<latexit sha1_base64="BerHkqGtKjJ5pOhJu0nuMRe4WSU=">AAACBHicbZC7TsMwFIYdrqXcAowsFhUSA1QJqoCxgoWxSPQitSFyHKe16tiR7VRUUVeeghUmNsTKezDwLrhpBmj5JUufzn+Ojs8fJIwq7Thf1tLyyuraemmjvLm1vbNr7+23lEglJk0smJCdACnCKCdNTTUjnUQSFAeMtIPhzdRvj4hUVPB7PU6IF6M+pxHFSJuSb9vkITujSQ+HQsNHn058u+JUnVxwEdwCKqBQw7e/e6HAaUy4xgwp1XWdRHsZkppiRiblXqpIgvAQ9UnXIEcxUafhiCYqRy/Lj5jAY2OGMBLSPK5hXv09nKFYqXEcmM4Y6YGa96bF/7xuqqMrL6M8STXheLYoShnUAk4TgSGVBGs2NoCwpObbEA+QRFib3MomD3f++kVonVfdi2rtrlapXxfJlMAhOAInwAWXoA5uQQM0AQYj8AxewKv1ZL1Z79bHrHXJKmYOwB9Znz9lupgj</latexit>

e�ip·xi

Deep Bound States Shallow/no Bound State no Bound State no Bound State

NPLQCD
Yamazaki et al
CalLat

CalLat HAL QCD Mainz, sLapHnn  
 
(NPLQCD 2021)

Compact, hexa-quark 
creation operator

“diffuse” non-local 
creation operator

“diffuse” wall-source 
creation operator

“diffuse” momentum-
space creation operator

<latexit sha1_base64="lFCWqr1ZDBP3g4HXcbITeYqybOw=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFaEFKIkVdFt24rGAv0IQymUzboZMLMyeVEgo+gk/hVlfuxK2v4MJ3cZp2oa0/DHyc/xzOnN+LBVdgWV9GbmV1bX0jv1nY2t7Z3TP3D5oqSiRlDRqJSLY9opjgIWsAB8HasWQk8ARrecObqd8aMal4FN7DOGZuQPoh73FKQJe65lGzJMvYkbw/ACJl9IAdnwkgpbjcNYtWxcqEl8GeQxHNVe+a344f0SRgIVBBlOrYVgxuSiRwKtik4CSKxYQOSZ91NIYkYOrMH/FYZeim2TkTfKpNH/ciqV8IOKv+Hk5JoNQ48HRnQGCgFr1p8T+vk0Dvyk15GCfAQjpb1EsEhghPs8E+l4yCGGsgVHL9bUwHRBIKOsGCzsNevH4ZmucV+6JSvasWa9fzZPLoGJ2gErLRJaqhW1RHDUTRI3pGL+jVeDLejHfjY9aaM+Yzh+iPjM8fxzebhQ==</latexit>

V (r) ! �(p)

The spectrum does not depend upon the creation/annihilation operators 
at least one method must be wrong



Bound State Exampleρ Resonance Example Idealized Bound State Example NN(3S1) m⇡ ⇠ 450 MeV

<latexit sha1_base64="IoJM1DpVopqq/XmQanqMS78LsDk="></latexit>
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q̄�µq and (q̄�5q) (q̄�5q)

<latexit sha1_base64="12Ev16IIz20sbfaFPHcUweTHCNg="></latexit>

q̄�µq only

<latexit sha1_base64="I1RcG4l9naXWZ4lUm/4/O3lShYU=">AAACFnicbZA9SwNBEIb3/IzxK2ppsxgFCwl3omgZsLGMYKKQC2Fus0mW7O5ddufEcKT3J/grbLWyE1tbC/+LmzOFXy8sPMw7w+y8USKFRd9/92Zm5+YXFgtLxeWV1bX10sZmw8apYbzOYhmb6wgsl0LzOgqU/DoxHFQk+VU0OJv4VzfcWBHrSxwlvKWgp0VXMEBXapd2wghMNhyHPVAK2qFK6ZCGyG/RqIzGWo7G7VLZr/i56F8IplAmU9XapY+wE7NUcY1MgrXNwE+wlYFBwSQfF8PU8gTYAHq86VCD4vagcyMSm2Mry88a0z1ndmg3Nu5ppHn1+3AGytqRilynAuzb396k+J/XTLF72sqETlLkmn0t6qaSYkwnGdGOMJyhHDkAZoT7NmV9MMDQJVl0eQS/r/8LjcNKcFQ5vjgqV3enyRTINtkh+yQgJ6RKzkmN1Akjd+SBPJIn79579l6816/WGW86s0V+yHv7BCF8oBI=</latexit>

atEcm

<latexit sha1_base64="kcqStOnb5QAD6xLNwEla48tJiDs=">AAAB/HicbZDLSsNAFIYn9VbrrerSzWARupCSSEWXBRFcVrAXbEOYTCbt0MkkzJwUSqhP4VZX7sSt7+LCd3HaZqGtBwY+/v8czpnfTwTXYNtfVmFtfWNzq7hd2tnd2z8oHx61dZwqylo0FrHq+kQzwSVrAQfBuoliJPIF6/ijm5nfGTOleSwfYJIwNyIDyUNOCRjpkXiAb72MRlOvXLFr9rzwKjg5VFBeTa/83Q9imkZMAhVE655jJ+BmRAGngk1L/VSzhNARGbCeQUkips+DMU/0HN1sfvwUnxkzwGGszJOA5+rv4YxEWk8i33RGBIZ62ZuJ/3m9FMJrN+MySYFJulgUpgJDjGdJ4IArRkFMDBCquDkb0yFRhILJq2TycJZ/vwrti5pTr13e1yuNap5MEZ2gU1RFDrpCDXSHmqiFKJLoGb2gV+vJerPerY9Fa8HKZ47Rn7I+fwAp7ZU0</latexit>

� 1
/�

<latexit sha1_base64="/JyyM8vsdpRiPNVOTX5dB9l79QY=">AAACBHicbZDLSsNAFIZP6q3WW9Slm8EidCE1kYouC25cVrAXaGKYTKbt0MmFmUmhhG59Cre6cidufQ8XvovTNAtt/WHg4/zncOb8fsKZVJb1ZZTW1jc2t8rblZ3dvf0D8/CoI+NUENomMY9Fz8eSchbRtmKK014iKA59Trv++HbudydUSBZHD2qaUDfEw4gNGMFKlzzTdALKFfZsdPHoECaIZ1atupULrYJdQBUKtTzz2wlikoY0UoRjKfu2lSg3w0Ixwums4qSSJpiM8ZD2NUY4pPI8mLBE5uhm+REzdKbNAA1ioV+kUF79PZzhUMpp6OvOEKuRXPbmxf+8fqoGN27GoiRVNCKLRYOUIxWjeSIoYIISxacaMBFMfxuRERaYKJ1bRedhL1+/Cp3Lut2oX903qs1akUwZTuAUamDDNTThDlrQBgITeIYXeDWejDfj3fhYtJaMYuYY/sj4/AGIL5eB</latexit>
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Comparing variational to older NPLQCD
Our results are in clear contradiction to NPLQCD at a similar 
pion mass 

NPLQCD results were generated with local hexaquark 
creation operators 

could this local operator couple more strongly to a deep 
bound state? 
If  so - our entire spectrum would have to shift down 
(similarly, NPLQCD would have to shift up) 

Could it be a discretization effect? 
Community expectation that discretization effects will 
not qualitatively alter the nature of  bound or not bound 
 
But - will return to this point
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HAL QCD 
PRD 96 (2017) 
[1703.07210]

I will comment - without showing details (some backup slides) - 
there is a preponderance of  evidence that, the local creation 
operators (NPLQCD, CalLat 2015, Yamazaki et al), lead to a 
misidentification of  the spectrum 
- unquantified systematic uncertainty in phase shifts 
- unquantified systematic uncertainty in all matrix elements
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NN with sLapH arXiv:2009.11825 

Mpi~714 MeV

for lack of  a better name - sLapHnn Collaboration 
(stochastic Laplacian Heaviside NN)



15

“Traditional” method: 
local creation 
momentum annihilation 

sLapH (and distillation) 
momentum creation 
momentum annihilation 
positive definite correlator (rn ≥ 0) 
Diagonalize correlator with GEVP 

The quark-level contraction cost significantly increases (instead of  6-quarks from one source, we have Neig sources 
for each quark → Neig4 contractions) 

But - this also provides a volume averaging at the source (as well as the sink) 
and also much richer set of  correlators/spectrum to analyze

<latexit sha1_base64="G3iB3Y+dCpiWriha0TkBQOhylxc="></latexit>

CNN
ij (t,pf ,qf ,pi,qi) =
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xi,yy

ei(pf ·xf+qf ·yf )e�i(pi·xi+qi·yi)h0|NNi(t,xf ,yf )NN†
j (0,xi,yi)|0i

NN with sLapH
<latexit sha1_base64="5dW7wjAgG6K8B8y+Nl0GwXXJVhA="></latexit>

CNN (t,p+ q) =
X

x

X

y

eip·xeiq·yh0|N(t,x)N(t,y)N†(0,0)N†(0,0)|0i

arXiv:2009.11825 

Mpi~714 MeV
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(in the following: assume negligible S � D mixing)

Irreps for NN scattering

February 6, 2019

The finite-volume irreps relevant for NN scattering are governed by the block structure in the two-
body Lüscher quantization condition. There are two sources of mixing, either due to dynamically coupled
partial waves or because of the reduced symmetry in a cubic box. Dynamically-coupled partial wave are
parametrized by nonzero o↵diagonal elements in the scattering amplitude (or K matrix), while mixing
due to the finite volume only manifests itself in nonvanishing o↵diagonal elements for instance in the
box matrix.[3]

0+ 0� 1+ 1� 2+ 2� 3+

I = 0 – – {(0, 1), (2, 1)} (1, 0) (2, 1) – (2, 1)
I = 1 (0, 0) (1, 1) – (1, 1) (2, 0) (1, 1) –

Table 1: The allowed spin and angular momentum states (L, S) for NN with L  2. The deuteron
channel I = 0, JP = 1+ features dynamically coupled partial waves.

Attempting to treat properly higher partial waves is relevant for two reasons. First, higher partial
waves correspond to higher orders on the e↵ective-theory side, so extracting the corresponding scattering
parameters is of phenomenological interest. Second, in order to enable an investigation of S and D wave
mixing in the deuteron, we need to consistently retain at least all partial waves up to L = 2 across total
angular momenta, even though they represent an unwanted pollution due to the finite volume at nonzero
total momentum. The relevant scattering channels of nucleon-nucleon scattering are listed in Table 1 of
[2] and reproduced here in Table 1.

[000] [00n] [0nn] [nnn]

0+ A1g A1 A1 A1

0� A1u A2 A2 A2

1+ T1g (A2 � E) (A2 �B1 �B2) (A2 � E)
1� T1u (A1 � E) (A1 �B1 �B2) (A1 � E)
2+ Eg � T2g (A1 �B1)� (B2 � E) (A1 �B2)� (A1 �A2 �B1) E � (A1 � E)
2� Eu � T2u (A2 �B2)� (B1 � E) (A2 �B1)� (A1 �A2 �B2) E � (A2 � E)
3+ A2g � T1g � T2g B1 � (A2 � E)� (B2 � E) B2 � (A2 �B1 �B2)� (A1 �A2 �B1) B2 � (A2 � E)� (A1 � E)

Table 2: Overview of finite-volume subduction pattern at zero and nonzero total momentum.

We now discuss how those scattering channels get entangled in finite volume. The subduction pattern
is based on total angular momentum and parity JP , and therefore the same as in our previous meson-
meson calculations.1 The subduction pattern is summarized in Table 2

If we were to use only at-rest data to investigate the deuteron channel, it would be su�cient in
principle to compute the spectrum in T1g. However, in order to increase the number of data points which
constrain the scattering amplitude it is beneficial to also include irreps with nonzero total momentum.
Furthermore, a subset of irreps with total momentum ~d = (001) and ~d = (011) are much more sensitive
to the physically interesting S-D partial-wave mixing compared to the at-rest irrep [1]. For nonzero total
momentum however, the cubic symmetry is broken further, inducing additional mixing between partial
waves which are not dynamically coupled.

So, for a given isospin, combining Table 1 with Table 2 yields all the irreps whose spectrum we
want to extract for Ecm  2mN + m⇡ (or slightly above that threshold, both to control excited-state

1We need to understand the role of total spin in the elastic NN finite-volume spectrum, i.e. to what extent an inexact
spin identification is required.

1

only Ptot=0 energy levels shown

NN with sLapH arXiv:2009.11825 

Mpi~714 MeV
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In this first work - we focus on states below the t-channel cut 
which also have only predominant S-wave interactions 

Given the spectrum and resulting phase-shift values, we perform 
an effective range expansion analysis 
 
 
 
 

A bound state solution requires 
and a slope < tangent to   

We find a virtual bound state (like dineutron) - a purely 
imaginary solution with negative sign 
 

We can infer the size of  the potential from causality and 
unitarity: Wigner PRD 98 (1955), Phillips and Cohen PLB 390 (1997)
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In this first work - we focus on states below the t-channel cut 
which also have only predominant S-wave interactions 

Given the spectrum and resulting phase-shift values, we perform 
an effective range expansion analysis 
 
 
 
 

A bound state solution requires 
and a slope < tangent to   

We find a virtual bound state (like dineutron) - a purely 
imaginary solution with negative sign 
 

We can infer the size of  the potential from causality and 
unitarity: Wigner PRD 98 (1955), Phillips and Cohen PLB 390 (1997)
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Comparing with NPLQCD
Our results are in clear contradiction to NPLQCD at a similar 
pion mass 

NPLQCD results were generated with local hexaquark 
creation operators 

could this local operator couple more strongly to a deep 
bound state? 
If  so - our entire spectrum would have to shift down 
(similarly, NPLQCD would have to shift up) 

Could it be a discretization effect? 
Community expectation that discretization effects will 
not qualitatively alter the nature of  bound or not bound 
 
But see Green et al [Mainz] PRL 127 (2021) 
[arXiv:2103.01054 ]  
800% correction to the binding energy observed for  
H-dibaryon at SU(3) flavor symmetric point

a ~ 0.086 fm

a ~ 0.145 fm
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In the works
At Mpi ~ 714 MeV, a ~ 0.086 fm @ SU(3) flavor symmetric point 

We increased our statistics by a factor of  ~8  
Analyzing higher partial waves and S-D mixing (developing the technology pipeline) 
Fitting spectrum results with HOBETFV (K. McElvain and W. Haxton) 

We are adding a hexaquark operator to our basis to see if  it modifies the spectrum 

Performing the NPLQCD, CalLat and HAL QCD calculations on the same gauge 
configurations  
- isolate the method as the systematic uncertainty which can cause results to vary 
(postpone worrying about continuum extrapolation till later) 

We are running the same calculation on an ensemble with Mpi ~ 200 MeV and a ~ 0.064 fm 
pi-N scattering and Delta resonance is being prepared for publication 
The Y-N results look promising 
The N-N results need more statistics
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Why am I optimistic of parity violating calculations soon?
See the next 2 talks! 

Chien Yeah Seng - formal developments 

Marcus Petschlies - numerical calculation for ΔI=1
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Why am I optimistic of parity violating calculations soon?
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The use of  variational methods for NN and pi-N is now a 
reality with Mpi ≳ 200 MeV 
 
Preliminary I=3/2 pi-N scattering @ Mpi ~ 200 MeV 
(Bulava et al)
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Why am I optimistic of parity violating calculations soon?
The use of  variational methods allows for new methods to compute matrix elements and form 
factors 

For each 0 < 𝜏 < tsep: 
point source at current 
solve propagator 
tie this prop to source and sink 
in momentum space 
 

If  this method proves fruitful, the technology is easily adaptable to performing 2-nucleon matrix 
elements of  quark bi-linear and 4-quark operators  

We expect to know this year how well the method works 
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Conclusions
We have had a “breakthrough” in LQCD calculations of  NN interactions - utilizing 
variational methods that enable momentum space creation and annihilation operators 

I believe this means we will see earnest calculations of  hadronic parity violation in the next 
few years 

N→N-pi    (Sen, Petschlies, Schlage, Urbach) 
NN→NN 

These LQCD calculations in A ≤ 3 systems can be analyzed in concert with experimental 
results 

LQCD can provide a few orthogonal inputs to understanding the low-energy processes 
and EFT 
Determine LECs from LQCD - then predict more complicated observables 
ΔI=2 - probably easiest - need NN scattering and matrix elements 
ΔI=1 - next easiest - need pi-N scattering and matrix elements 
ΔI=0 - very challenging…
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What set of N and NN observables are most 
useful to determine for constraining the PV LECs?



Thank You
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Preponderance of evidence: NPLQCD like and CalLat like
Preliminary results on same Mpi~714 MeV, a~0.086fm ensembles
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green band: NPLQCD deep binding at Mpi~800 
red band:     sLapHnn energy shift with momentum space creation and annihilation, then GEVP (variational) 

                                     seems favor deep bound state (for point-nucleons, uniform coupling to all NN momentum modes) 

                                            , excited states in NN and N seem to (nearly) perfectly exactly cancel
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Recent NPLQCD work - Mpi~800 MeV 
“momentum sparsening” [1908.07050] to do 
momentum-space creation operators 

They conclude that existence of  deep bound 
state or not is inconclusive 

Phase-shift analysis inconsistent 
between old (blue) and new (black)  

If  a state couples to one (or more) 
operators, adding more operators 
should not drag the state around 

shifting spectrum indicative of  
previously deficient basis

New NPLQCD work - arXiv:2108.10835
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pion-less EFT (no inelastic excited states) 

system without a bound state: 
momentum space operators: reproduces spectrum  
hexaquark operator: effective masses all “pulled down” 
observed volume-independence of  ground state 

system with bound state: 
momentum space operators: reproduces spectrum 
addition of  hexaquark: does not improve spectrum 
hexaquark operator: identifies bound state - all other 
states also collapse to ground state 

Nicholson et al, Latt2021 
[2112.04569]



Bound State Exampleρ Resonance Example Idealized Bound State Example NN(3S1) m⇡ ⇠ 450 MeV
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HAL QCD Consistency Checks [1703.07210]

InConsistency of  the below and 
above threshold ERE 
Above-threshold ERE crosses 
bound-state curve with too large 
of  a slope 
These results have a clear 
systematic uncertainty issue 
See updated result: 2009.12357

True energy levels must  
Follow the “Lüscher 
lines” (dashed curves) 
Have correct sign for pole of  
residue slope of  ERE less than 
slope of  bound-state curve, 

False energy levels can be detected from 
not obeying expectations from Lüscher

 0.155

 0.160

 0.165

 0.170

 0.175

 0.180

 0.185

 5  10  15  20  25

<latexit sha1_base64="pneV4B8RSymzrzWXaag8OeqXQWw=">AAACF3icbVC7SgNBFJ31GeMramkzGAQLCbsiainaWEYwUciGcHcyiYMzs5uZu2JY8gF+gl9hq5Wd2Fpa+C9ONlv4OjBwOOdc7twTJVJY9P0Pb2p6ZnZuvrRQXlxaXlmtrK03bZwaxhsslrG5isByKTRvoEDJrxLDQUWSX0Y3p2P/8pYbK2J9gcOEtxX0tegJBuikTqUaRmCywYiGfVAKOqFK6YCGyO/QqIzGWg5HLuXX/Bz0LwkKUiUF6p3KZ9iNWaq4RibB2lbgJ9jOwKBgko/KYWp5AuwG+rzlqAbF7W73ViQ2p+0sv2tEt53Zpb3YuKeR5ur34QyUtUMVuaQCvLa/vbH4n9dKsXfUzoROUuSaTRb1UkkxpuOSaFcYzlAOHQFmhPs2ZddggKGrsuz6CH5f/5c092rBQc0/368enxTNlMgm2SI7JCCH5JickTppEEbuySN5Is/eg/fivXpvk+iUV8xskB/w3r8AhxqgVw==</latexit>

q̄�µq only

NPLQCD PRD 92 (2015) [1508.07583]

seemingly healthy 
effective mass (gray) 
but does not follow 
Breit-Wigner
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Two-nucleon controversy/discrepancy

Wilson et al., PRD92 (2015) [1507.02599]

Towards grounding nuclear physics in QCD 
C. Drischler, W. Haxton, K. McElvain,  

E. Mereghetti, A. Nicholson, P. Vranas,  AWL 
 PPNP 121 (2021) [arXiv:1912.03580]
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HAL QCD [1607.06371] - issue with local, gaussian smeared quark source creation operators 
They show that the extracted spectrum depends upon the creation operator
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Scattering states have energies 
that must vanish as L → ∞

Bound states have non-
vanishing energy as L → ∞

Whether bound or scattering, 
attractive interactions → ΔE < 0

“True ground state”

“false plateaux”

Two-nucleon controversy/discrepancy

t=1 fm

Towards grounding nuclear physics in QCD 
C. Drischler, W. Haxton, K. McElvain,  

E. Mereghetti, A. Nicholson, P. Vranas,  AWL 
 PPNP 121 (2021) [arXiv:1912.03580]
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HAL QCD Potential/Lüscher Consistency [1812.08539] 
These issues led HAL QCD to speculate that we (hexa-quark creation ops) are seeing a false-
plateaux generated by linear combinations of  elastic scattering states

Two-nucleon controversy/discrepancy

“false plateaux”

t=1 fm t=5 fm

Solutions from potential 
predict effective mass

Towards grounding nuclear physics in QCD 
C. Drischler, W. Haxton, K. McElvain,  

E. Mereghetti, A. Nicholson, P. Vranas,  AWL 
 PPNP 121 (2021) [arXiv:1912.03580]
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“Traditional” method: 

Alternatively - one can solve quark propagators from the eigenvectors of  the 3D smearing kernel that is typically 
used (instead of  one propagator per source for many sources) [arXiv:0905.2160] 

This allows one to construct momentum-based creation operators 

The quark-level contraction cost significantly increases (instead of  6-quarks from one source, we have Neig 
sources for each quark → Neig4 contractions) 

This also provides a volume averaging at the source (as well as the sink) 
 
 

We used a stochastic variant which holds Neig fixed as the volume varies [arXiv:1104.3870] 

The correlation functions are now positive-definite 

GEVP provides linear combo to project onto eigen-states
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NN with sLapH
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In order to take advantage of  the positive-definite nature of  the NN correlation function, we use the following 
fit function (implicit sum over l, q, p) 
 
 
 

rl ~ O(1) ≥ 0 
zq,n ~ O(1) ≥ 0 

We include the same number of  inelastic excited  
states in NN as in N, and then study the ground  
state vs the number of  additional elastic excited  
states included in the analysis 

We optimized the analysis to use the same values 
of  tmin for all channels (irreps) rather than  
optimizing each one separately after finding a choice 
of  tmin and nel that is acceptable for all irreps

5

ratio correlation function which are precisely the kind of
corrections that can lead to false plateaus.

To describe this feature more precisely, suppose the
single-nucleon correlation function was described by just
the ground state and a single excited state

CN (t) = A0e
�E0t + A1e

�E1t . (3.3)

In this simplistic model, the two-nucleon correlation
function would be given by

CNN (t) =
X

q

B00,qe
�(2E0+�E00(q))t

+
X

q̃

B01,q̃e
�(E0+E1+�E10(q̃))t

+
X

q0

B11,q0e
�(2E1+�E11(q

0))t (3.4)

where the sums over q, q̃ and q
0 run over the elastic

scattering modes between two ground state nucleons, a
ground and excited state, and between two excited states
respectively, as allowed by the Lüscher quantization con-
dition. The interaction energies �E00, �E10 and �E11

depend upon the relative momentum between the states
(q) and are typically much smaller than the inelastic ex-
cited state energy E1�E0 as these elastic scattering ener-
gies must vanish as L ! 1 except in the case of a bound
state. The large-time behavior of the ratio correlation
function is then approximated by

R(t) = b00,0e
��E00(q0)t + b00,1e

��E00(q1)t

+ b10,0e
�(E1�E0+�E10(q̃0))t � 2a1e

�(E1�E0)t

+ · · · (3.5)

where the b00,n, b10,0 and a1 are ratios of overlap factors.
The observed near-exact cancellation of inelastic excited
states in the ratio manifests as near-exact cancellation
between the b10,0 and �2a1 terms on the second line of
Eq. (3.5). Such cancellations with opposite signs can
lead to false plateaus early in Euclidean time before the
time-separation in which the single-nucleon correlation
function is saturated by the ground state.4

To avoid this problem, the NPLQCD Collaboration
has long advocated that a su�cient amount of statistics
should be used such that the interaction energies can be
precisely determined without the need of relying upon
the ratio correlation function, but rather the two-nucleon
and single-nucleon correlation functions can be fit inde-
pendently and �E00(q) can be extracted under jackknife
or bootstrap resampling of the ground state energies such
determined [6, 52, 53].

4 The false plateaus HAL QCD has speculated occur for the local
source, momentum-space sink correlation functions are not from
this early time interference, but rather from non-positive definite
contributions from various elastic scattering states which pollute
the correlation function at late time, up until O(4) fm [28].

For many calculations, including the present one, the
statistical precision is insu�cient to achieve a multisigma
determination of the interaction energy from fits to the
two-nucleon and single-nucleon correlation functions sep-
arately. A simple measure of the feasibility of such a
strategy is whether one can use the ratio correlation func-
tion R(t) only at su�ciently late times that the single-
nucleon has plateaued and still achieve a convincing en-
ergy extraction of the interaction energy [24]. This is
almost the case in the present calculation, but we re-
quire the use of a few time slices (O(0.17 � 0.35) fm)
prior to the ground state saturation of the single-nucleon
correlation functions.

The desire to leverage the positive definite nature of
the two-nucleon correlation functions with sLapH, and
that, with the present stochastic precision, we must rely
upon values of the correlation function prior to the single-
nucleon being saturated by just the ground state, moti-
vates the following set of correlation functions and their
parametrizations. First, we factorize the spectral decom-
position by pulling out the ground state contribution as
a prefactor. For a single nucleon of momentum q, we
parametrize the correlation function as

CNq (t) = z
2
q,0e

�Eq
0 t
⇣
1 + z

2
q,ne

��Eq
n,0t

⌘
, (3.6)

with an implicit sum over all excited states n > 0. The
ground state energy is E

q
0 and

�E
q
n,0 ⌘ E

q
n � E

q
0 . (3.7)

The ground state overlap factor is given by zq,0, and the
zq,n are the ratio of overlap factors of the n

th state to the
ground state which all satisfy the bound zq,n > 0.

To take advantage of the positive definiteness of the
two-nucleon correlation function and also the cancella-
tion of excited states in the ratio correlation function,
instead of fitting the two-nucleon correlator, we fit the
ratio correlator but with the following functional form

R(t) =
r
2
0e

��ENN
0 t

⇣
1 + r

2
l e

��ENN
l,0 t

⌘

⇣
1 + z2q,ne

��Eq
n,0t

⌘⇣
1 + z2p,me

��Ep
m,0t

⌘ , (3.8)

with implicit summations over the l, n and m excited
states. The various new terms in this expression are

• �E
NN
0 = E

NN
0 �E

q
0 �E

p
0 , the ground state interaction

energy of interest for total momentum P = p + q;

• �E
NN
l,0 = E

NN
l �E

NN
0 , the energy gap between the l

th

two-nucleon excited state and the two-nucleon ground
state energy. The l

th energy gap can arise from either
an elastic scattering state of the two ground state nu-
cleons or when one or both nucleons are in an inelastic
excited state;

• r
2
0 = (zNN

0 )2/(zq,0zp,0), the ratio of the ground state
two-nucleon overlap factor to the product of single-
nucleon overlap factors;
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